(1) Chemical analysis of concretes stored in the aggressive sulphate solutions showed that approximately 90% of the sulphide originally present was still there unaltered after five years of storage.
(1) Chemical analysis of concretes stored in the aggressive sulphate solutions showed that approximately 90% of the sulphide originally present was still there unaltered after five years of storage.
(2) The air permeability, water absorption and porosity of slag concrete, all factors relevant to durability, were also studied, and were compared with those of gravel concrete. The limited results so far obtained were very similar for the two series of concretes.
(3) Chemical analysis of concrete stored on the exposure site at Garston for five years in the course of volume stability studies showed that most of the sulphide originally present, between 70 and 90%, remained unoxidized. There were indications, in agreement with earlier work, that crystalline sulphide was oxidized to a greater extent than dendritic sulphide.
Contribution by E. N. Davies

Balfour, Beatty and Co. Ltd
The workability tests reported in Table 6 of the first paper are said to indicate that the mixes tested were of reasonably similar workability. Is this not surprising in view of the different angularity values and surface texture of the slag and gravel aggregates?
Reply by Mr Newman
B.R.S.
The earlier work published by Dr T. W. Parker in 1950, referred to in these papers, did indicate that concretes made with slag as both fine and coarse aggregate were noticeably harsh in placing and required higher water/cement ratios to give workability similar to that of concrete made with sand and gravel. When, however, river sand was substituted for the fine slag, the mixes were less harsh and the water/cement ratios were reduced nearer to those of the sand and gravel mix.
The results of the present workability tests, shown in Table 6 of the first of today's papers, indicate that for the mixes tested there appeared to be no significant difference between the mixes made with river sand and the coarse aggregates used.
Contribution by G. H. Thomas
The United Steel Companies Ltd I would first like to comment upon the higher strength values obtained by using slag aggregates. The results reported are supported by our own results, in which concrete made with slag aggregate had higher strengths than concrete made with ordinary aggregate-l 9 % higher when made with super-sulphated cement, 14 % higher when made with low-heat Portland blast furnace cement.
I would like to ask Dr Gutt whether he thinks this is due to the profile of the aggregate or to an affinity of slag for cement. Our attention has been drawn to the form in which the sulphide occurs. Could Dr Gutt say how significant he feels this is? On the subject of the sulphate immersion tests, I wonder whether Dr Gutt could say whether the superiority that the slag concretes appear to show is statistically significant. Lastly, I would like to remark that Dr Everett's paper has surely sorted out for us the old arguments saying on the one hand that slag stops corrosion and on the other that it leads to corrosion of reinforcement.
Reply by Dr Gutt
B.R.S.
The superior strength of concrete made with slag aggregate has been attributed to better cement-aggre-gate bond, this being at least in part due to the greater texture or roughness of slag aggregate.
The interest in the physical or morphological condition of sulphide crystals present in the slag was due in the first place to Dr Parker's observation that crystalline sulphide may be more likely than dendritic sulphide to lead to expansion of slag concrete. Furthermore, the morphological condition of the sulphide crystals may have a bearing upon the ease with which compounds liable to cause stains might be leached out from the slag under certain conditions. These factors are being investigated in a new programme of work at B.R.S. sponsored by the British Slag Federation. Whilst no definitive answer is now available to the question whether the form of the sulphide crystals always matters, there is enough evidence to warrant classification of slags in this respect.
Reply by Dr Everett
B.R.S.
I would like to acknowledge Mr Thomas's comment on the corrosive effect of slag aggregate. As we have noted in the paper, there has been no significant corrosion of the reinforcement and I believe this to be in agreement with most of the current work on reinforced concrete made with slag aggregate.
Reply by Mr Newman
B.R.S.
With reference to Mr Thomas's remarks on the higher strengths given by slag aggregate concrete and his question about the reason for this, I would mention that the results given in Table 5 of the first paper were statistically examined to determine whether the observed superiority of slag concretes over the two control concretes was significant. The analysis was carried out on the ratio of slag/control for all the slags and ages of test, the significance being determined by testing by means of the 'T' test whether the difference of the average value of the ratio was significantly different from unity. The average values obtained are given in Table I A complete explanation for the superior strength of slag concrete cannot be given because the mechanisms of failure of concrete are not yet fully understood. This superiority over gravel must, however, be related to the cement-aggregate bond and to the greater surface texture (or roughness) of slag and other crushed rock aggregate.
On the question of whether the higher strengths of slag concretes after two years in the sulphate immersion tests were statistically significant, analysis of the results confirm that they are. The average increase in compressive strength of the slag concrete over the corresponding value for gravel concrete was about 23 % for the O.P.c. and about 12 % for the S.R.P.C.
Contribution by D. A. Stewart
Cowdell and Stewart
I have carried out some work on this question of cement-aggregate bond using glass marbles. The marbles were used as an aggregate in concrete both with their usual smooth finish and after rolling in a mill with carborundum grit (grade 25 mesh). The rolling treatment provided them with a surface similar to fairly finely ground glass. The compressive strength of the resulting concrete was improved by 16 % by using the marbles with the ground surface. In the case of slag aggregate, however, could not a material which can be ground to make a cement be expected to have an improved bonding property on the surface of the pieces of aggregate, quite apart from any improvement in bond due to roughness of the surface?
Reply by Dr Gutt
B.R.S.
Mr Stewart's comment is very interesting. The increase in strength obtained by creating a greater texture or roughness on the glass marbles is clearly in line with the observation reported in the first paper.
I should point out that the hydraulic action of ground granulated blastfurnace slag in slag cements is not directly relevant to the observation of superior strength of slag concrete made with air-cooled blastfurnace slag aggregate. Air-cooled slag is crystalline and, unlike ground granulated blastfurnace slag, which is over 95 % glass, has no hydraulic action and cannot be used to make slag cements.
Discussion
Supplementary question by D. A. Stewart
I take this point but could you say whether the presence of glass in slag aggregate would increase the cement/aggregate bond?
Reply by Dr Gutt
Yes, it would have some effect, although the large particles of aggregate would be very much less active than finely ground glassy slag used in slag cements.
Comment by R. W. Nurse
B.R.S.
Dr Parker in his earlier work had noted that there appeared to be an extra cementing action when the aggregate contained glass.
Contribution by T. P. O'Brien
Ove Arup and Partners
Listening to these papers, I cannot but remark upon the very satisfactory performance that slag aggregates have shown in the tests carried out. It is not very common to be presented at meetings with results as positive as these given today. Do the authors consider that, in view of their results, any relaxation could be recommended in the requirements of B.S. 1047 with the objective of widening the utilization of slag? Could the maximum sulphur level be raised? I would like to ask whether more details can be given of the future programme of slag research? Finally, would Dr Everett say whether any analysis was made of extracts from the slags, in view of the lack of correlation between 'sulphur' content and corrosion?
B.R.S.
The work described in these two papers is, I feel, a justification for maintaining the sulphur limits at present included in B.S. 1047, since the concrete made with slag having sulphur contents higher than the present maximum had lower strength up to one year on water storage and poorer sulphate resistance. Work is being continued at B.R.S. with the objective of finding new uses for slag. This work includes a study of concretes made with slags lighter than 78 Ib/ft 3 (the minimum in the current issue of B.S. 1047). The composition and the morphological form of the sulphides present in the aggregates are being studied by means of the X-ray micro-analyser and microscopy respectively. The relationship between the form and chemical composition of the sulphide and the possibility of staining due to slag leaching are being studied also. I would also like to draw your attention to Table 5 of the first paper. Here a comparison is drawn between the use of slag aggregate in the fine as weIl as in the coarse fraction of the graded aggregate. A lower strength was recorded up to one year for water-stored concrete made with fine slag compared with that in which sand was used. This effect may be related to the higher total sulphide content of the concrete containing fine slag. The effect was noted in earlier work by Dr Parker and was one of the reasons for his advice against the use of fine slag and the recommendation of the 2 % limit for sulphur in slag under B.S. 1047.
The British Slag Federation has also asked B.R.S. to investigate the factors which may determine the Polished Stone Value (an index of skidding resistance developed at the Road Research Laboratory) of slag roadstones used in bituminous road surfacing. In such road surfacing, the fine-scale texture of the road is the dominant factor determining skidding resistance when vehicles are traveIling at about 30 mile/h. This fine texture is usually provided by the roadstone and, where the stone predominates in the surface, the resistance of the roadstone to the polishing action of traffic is the most important factor determining the skidding resistance of the wet surfacing. * The Road Research Laboratory recommend a P.S.V. of 55 or more for main roads and of 60 or more for difficult sites. The objective of this item of research at B.R.S. is to measure the P.S.V. of a range of slags and to seek a correlation between the structure of slag in the widest sense and the P.S.V. and, if possible, to develop methods for increasing the P.S.V.
Reply by Dr Everett
B.R.S.
These tests were done to determine the corrosive action of the slag. In consequence of the relatively small amount of corrosion, extensive analyses of the extracts were not done and only the total sulphide and alkalinity were determined. Future tests on slags should examine the composition of the extracts more closely, although it is essential to realize that this is a point of academic interest because the extracts are likely to contain more 'sulphur' and a lower alkalinity than will ever be found in slag-aggregate concrete. In these experiments, no correlation between 'sulphur' and corrosion of reinforcement was found. For similar tests on a further series of slags, a non-destructive method of following corrosion rate is being developed which should show whether a correlation does indeed exist.
*For more information on P.S.V., see SABEY 
Contribution by J. M. Boardman
British Slag Federation
In my experience, slag concrete is not recommended for thin sections of reinforced concrete such as those used for cooling towers. In view of this work done at B.R.S., is this discrimination justified? On the question of sulphate resistance, is it appropriate to cure specimens for 28 days under water before immersion in sulphate solutions when, in practice, the concrete is placed directly into the ground?
Reply by Dr Everett
B.R.S.
The corrosion of steel in concrete arises from many causes. The most important factors are the permeability and depth of cover of the concrete. The results presented in the second paper indicate that no greater corrosion risks are involved with slag-aggregate concrete and where the cover is considered adequate for gravel aggregate, slag aggregate should be equally acceptable. In our view, discrimination between gravel and slag aggregate is not justified.
Reply by Dr Nurse
B.R.S.
Some years ago sulphate immersion tests were carried out at the Station in which an attempt was made to immerse the specimens in the aggressive solutions immediately they were cast. This was only made possible by casting the concrete into perforated moulds lined with blotting paper and immersing of the mould into the solution until the concrete had set. No decrease in sulphate resistance was detected from these tests.
Contribution by H. C. Erntroy
Cement and Concrete Association
It is well known that the selection of the proper method for sulphate-resistance tests presents many problems and a compromise has to be made between the conflicting requirements of reasonable simplicity of the testing procedure and applicability of the test results to practical conditions. In this instance, the authors have chosen to immerse the 28 day old specimens in the sulphate solutions while in the saturated state, although this condition rarely occurs in practice. It is also noted that the mix proportions were 1:2:4 by volume with a water/cement ratio of 0·6 by weight, whereas it is generally recommended that lower water/cement ratios should be used in conditions of sulphate attack. I would therefore like to ask whether Discussion TAB L Ell: Results so far available at 5 years continuing data given in Table 8 the authors feel that their conclusions would have been the same if the concrete had been made with more typical mix proportions and if the specimens had been allowed to dry out under standardized conditions before immersion.
The data of Table 8 seem to provide some evidence that, in the weak magnesium sulphate solution, O.P.e. concrete made with the river gravel behaved better after 2 years' exposure than the corresponding concrete made with slag (excepting slag B375). It will, therefore, be of considerable interest to see whether the results after longer periods of exposure confirm the general conclusion in the summary that "blastfurnace slags currently produced provide material for coarse aggregate for concrete which is satisfactory in every respect".
Reply by Mr Newman
B.R.S.
May I just say that I hope that, in any future work carried out on sulphate resistance, the mixes will be designed either upon an over-all cement/aggregate basis with the percentage of the fine fraction stated or upon the basis of cement content per cubic yard of cement.
Reply by Dr Nurse
B.R.S.
I would not expect that the small amount of sulphate initially taken into the dried concrete would have any significant effect upon the rate of attack. The total water/cement ratio is given in the paper and this would be equivalent to between 0·47 and 0·51 expressed as free water/cement ratio. These values are consistent with general recommendations for conditions of sulphate attack.
On the general question of testing for sulphate resistance, I think it is important to realize that no claim is made that this immersion test can be directly related to the placing of mass concrete in sulphate-30   30   60   90   25  40  45  50  40  40   25  80  80  80  80  80   55  100  95  85  70  70   85  105  105  100  100  95 bearing soils. The need was for a simple test which can be standardized and from which comparisons between the performance of cements and aggregates can be drawn.
If, for the weak magnesium sulphate solution the slag B356 which contains more than the 2 % limit of total sulphur is excluded, I do not think that the remaining figures show a very significant difference at 2 years between the slag and gravel concretes. Such data as are available from 5-year tests are given in Table II , which continues the information in Table 8 of the first paper. It can be seen from these later results that the trend for the slag concretes to give lower strength than the gravel concrete with O.P.e. in weak magnesium sulphates has been arrested and the strengths of all the concretes have dropped to about 60 % of these stored in water. On the other hand, the later data on the concretes made with S.R.P.e. and immersed in weak magnesium sulphate do indicate a somewhat better performance by the gravel concrete than that of four out of five slag concretes for which test data are so far available. This trend was not apparent at two years and is not repeated in any of the other solutions with either S.R.P.C. or O.P.e. concretes.
Contribution by J. H. Fisher
John Laing and Son Ltd
Does not the M I motorway provide a good example of the relatively poor bond which can exist between cement and flint aggregate? On the stretch of road near the Building Research Station itself, the cementsand matrix can be seen to have been worn off the coarse aggregate. Slag aggregate is not affected in this way. Could not a test for bonding between aggregate and cement be designed on this principle?
In Table 2 Table 3 is stated not to comply with equation B of B.S. 1047. Since this slag appears to behave in a very satisfactory way in the tests described in these papers, why should it be excluded from the Standard? The P.S. V. of slag has been mentioned and I think motorists would agree that slag chippings give a greater feeling of confidence than most surfaces except perhaps for granite chippings. I would also like to know whether the cost of the aggregate can be reduced. Finally, on the question of corrosion of reinforcing steel, I have yet to see a case when the trouble could not be attributed to the poor quality and/or inadequate compaction of the particular concrete or insufficient cover.
B.R.S.
As far as compliance with equation B is concerned, it is only mandatory that the slag should comply with either equation A or equation B. This particular slag did not comply with equation B and this fact is recorded in Table 3 , but it does not fail to comply with the Standard on this ground.
Reply by Mr Newman
B.R.S.
On the question of grading, I would explain that the reason why slag B354 did not comply with the grading requirements of B.S. 1047, yet complied with B.S. 882, for! to is in. graded aggregate was due to the fact that the amount passing the is-in. sieve exceeded the maximum limit of 5 % given in B.S. 1047 but satisfied the maximum of 10 % given in B.S. 882. I agree with Mr Fisher that it seems unnecessary for the two Standards to be different and I have no doubt that this will be taken care·of in future revisions.
Reply by Dr Everett
B.R.S.
I would agree with Mr Fisher, but these tests were initiated to prove that slag aggregate did not impair the 'quality' which we would choose to define as low permeability-and that, under the same depth of cover as would be used for gravel aggregate, the presence of slag aggregate has no deleterious effect upon corrosion.
Contribution by Dr J. C. Weston, Chairman
The item of work concerned with P.S.V. is, of 126 course, guided by the work that the Road Research Laboratory have done and it should be made clear that B.R.S. is not seeking to devise a test for skidding resistance or to take the existing test outside the terms of reference provided by R.R.L. The objective of the B.R.S. contribution is confined to studying the resistance of slag to polishing and more fundamentally to the identification of those characteristics of slags which may decide the degree of this resistance offered by different slags. Dr Lee, Director of the British Slag Federation, writes to add that these studies, if successful, would provide the basis for the development methods to increase the P.S.V. of slag for use on road sites where the rate of skidding accidents is abnormally high. Perhaps Mr Clugston would comment on the cost of slag?
Reply by L. G. Clugston
British Slag Federation
The British Slag Federation has been actively engaged in promoting research projects on blastfurnace slag aggregates for many years. This has been done with a view to promoting the sales of this material. I think it will be found to be highly competitive in the areas where iron is produced, but transport costs naturally increase the price in areas remote from ironworks. Perhaps, however, as the resources of natural aggregate become more strained, the area of competitive prices will be extended. It should be noted also that slag has the special advantage of being available in a molten state and is therefore capable of pretreatment for more sophisticated products.
Contribution by A. E. Burks
Consulting Civil Engineer
As an ex-member of the ~oad Research Laboratory, I think I ought to clarify one point on the skidding resistance work. The R.R.L. found no correlation between the P.S.V. of the aggregate and the skidding resistance of the concrete. Has Dr Gutt any data on the thermal movement of these slag concretes? This is a very important factor in road construction.
Rep]y by Dr Gutt
B.R.S.
The thermal expansion of the concretes was not measured in the programme of work reported. Dr Parker's earlier work showed, however, that slag concrete had a fairly low coefficient of thermal expansion and compared very well in thermal behaviour with other concretes.
